has poor positive predictive value for HIT owing to the ubiquity of heparin use and thrombocytopenia in hospitalized patients. In a multicenter registry of 2,420 primarily medical patients treated with heparin for 4 or more days, thrombocytopenia occurred in 36.4%, 16 although the incidence of HIT in heparin-treated medical patients is only 0 to 0.8%. [17] [18] [19] [20] Thrombocytopenia is present in 8.3 to 67.6% of patients on admission to an intensive care unit (ICU) and an additional 13.0 to 44.1% acquire thrombocytopenia during their ICU course. 21 At least a quarter of these patients have a history of recent heparin exposure, 22 although the incidence of HIT in the critically ill is only 0.3 to 0.6%. [23] [24] [25] Thus, thrombocytopenia in the vast majority of hospitalized patients with heparin exposure is due to an etiology other than HIT. The great challenge confronting clinicians is to distinguish the relatively uncommon patient with HIT who requires prompt discontinuation of heparin and initiation of a nonheparin anticoagulant from the far more prevalent patient who is thrombocytopenic for other reasons and could be harmed by unnecessary withdrawal of heparin therapy and treatment for HIT. 6 Careful consideration of additional clinical features is necessary to distinguish HIT from other etiologies of thrombocytopenia. These features are summarized in ►Table 1 and are reviewed elsewhere. 6, 26 Incorporating these complex features in an estimate of clinical (i.e., pretest) probability can be challenging. To assist clinicians in this process, several clinical scoring systems for HIT have been developed.
4Ts Score
The most extensively studied scoring system, the 4Ts, incorporates four clinical features: (1) magnitude of thrombocytopenia, (2) timing of onset of thrombocytopenia, (3) thrombosis or other clinical sequelae, and (4) the likelihood of other causes of thrombocytopenia. Each feature is assigned a score of 0, 1, or 2 points, yielding a maximum possible summative score of 8. Total scores of 0 to 3, 4 to 5, and 6 to 8 correspond to low, intermediate, and high pretest probabilities, respectively.
Since its initial description, 27 the 4Ts has undergone several modifications. The most widely used version (►Table 2) 28 has been evaluated in various clinical settings. In a meta-analysis of 13 studies, the negative predictive value Table 1 Clinical features that support a diagnosis of heparin-induced thrombocytopenia
Features Comments
Fall in platelet count ! 50% Measured from peak platelet count after heparin exposure to nadir platelet count.
Fall in platelet count begins 5 to 14 days after initial heparin exposure
Fall may occur immediately after heparin re-exposure in patients with a previous recent exposure.
Nadir platelet count ! 20 Â 10 9 /L Median nadir platelet count is $60 Â 10 9 /L. Nadir may be < 20 Â 10 9 /L in cases associated with disseminated intravascular coagulation. of a low probability 4Ts score was 99.8% (95% CI: 97.0-100.0%) and remained high irrespective of the party responsible for scoring, the prevalence of HIT, or the composition of the study population. The positive predictive value of an intermediate (14%, 9-22%) and high probability 4Ts score (64%, 40-82%) was more modest. 29 Limitations in interobserver reliability of the 4Ts system have also been noted with κ coefficients ranging between 0.5 and 0.7. [30] [31] [32] Presence of a chronic thrombocytopenic disorder -1
Newly initiated nonheparin medication known to cause thrombocytopenia -2
Severe infection -2
Overt DIC (defined as fibrinogen <100 mg/dL and D-dimer > 5.0 μg/mL) -2
Indwelling intra-arterial device (e.g., IABP, VAD, and ECMO) -2
Cardiopulmonary bypass within previous 96 hours -1
No other apparent cause 3
HIT Expert Probability Score
The HIT Expert Probability (HEP) score is based on the opinions of clinical HIT experts from North America. It comprises 8 clinical features including magnitude of platelet count fall, timing of platelet count fall, nadir platelet count, thrombosis, skin necrosis, acute systemic reaction, bleeding, and other causes of thrombocytopenia (►Table 3). Integral weights ranging from -3 (argues strongly against HIT) to þ3 (argues strongly in favor of HIT) are assigned to each feature and correspond to the median opinions of the 26 experts on which the model is based. In a retrospective single center study, a cutoff score of 5 was associated with a positive predictive value of 55% (25-82%) and a negative predictive value of 97% (85-100%), 30 operating characteristics similar to those observed with the 4Ts. 29 The HEP score is more complex and may be more time consuming to apply than the 4Ts. It has not undergone prospective evaluation and definitive cutoffs have not been established. Retrospective comparisons of the HEP score and 4Ts have not demonstrated a significant difference in performance between the two models. 33, 34 Other Scoring Systems
Several other pretest scoring systems for HIT have been developed but have not been prospectively evaluated. 35, 36 The Lillo-Le Louët score was designed to estimate the probability of HIT in patients following cardiopulmonary bypass (CPB). The model incorporates 3 variables that were predictive of HIT in a derivation set (a biphasic platelet count profile, an interval of ! 5 days from CPB to the first day of suspected HIT, and a CPB duration of ! 118 minutes). 35 In an independent study, it showed a negative predictive value of 78%, suggesting that it may have inadequate sensitivity for use as a clinical screening test. 37
Laboratory Diagnosis
In light of the challenges of clinical diagnosis, physicians rely heavily on laboratory testing, although this too has (often underrecognized) limitations. Laboratory tests for HIT may be divided into two categories: immunoassays and functional assays. Characteristics of these assays are summarized in ►Table 4 and reviewed in detail later.
Immunoassays
Only a subset of anti-PF4/heparin antibodies has the capacity to activate cells and cause HIT. Commercially available immunoassays detect circulating anti-PF4/heparin antibodies but fail to distinguish cell-activating and potentially pathogenic antibodies from their nonpathogenic counterparts. This property of immunoassays underlies their operating characteristics: high sensitivity and limited specificity. The prototypical immunoassay is the polyspecific PF4/ heparin (or PF4/polyvinylsulfonate) solid phase enzymelinked immunosorbent assay (ELISA), which detects circulating anti-PF4/heparin IgG, IgM, and IgA. 1 At the manufacturerrecommended optical density (OD) cutoff, the sensitivity and specificity of this test are 94 to 100% and 81 to 93%, respectively. [38] [39] [40] [41] Specificity may be improved by raising the OD cutoff. OD is directly associated with the 4Ts and HEP score, 30 risk of thrombosis, 42 and likelihood of a positive functional assay. 43 In a Canadian study, only 1 of 37 patient samples exhibiting a weakly positive OD (0.40-0.99) demonstrated heparindependent platelet activation in contrast to 33 of 37 samples with a strongly positive OD ( ! 2.0). 43 In an analysis of 1,958 patients who underwent HIT laboratory testing in a single reference laboratory, HIT was defined as an intermediate or high clinical suspicion coupled with a positive functional assay. Increasing the cutoff from a manufacturer-recommended threshold of 0.4 to 0.8 OD units in this test population improved specificity from 85 to 93% with a slight reduction in sensitivity from 100 to 98%. OD strata of <0.60, 0.60-1.49, 1.50-1.99, and !2.00 were associated with likelihood ratios of 0, 1.2, 7.0, and 72.0, respectively. 44 Several modifications have been made to the PF4/heparin ELISA with the goal of improving specificity. Because the majority of pathogenic antibodies are of the IgG class, detection systems specific for IgG have been developed. In a pooled analysis of studies comparing the IgG-specific and the polyspecific ELISA, the former showed greater specificity (93.5 vs. 89.4%), but at the cost of reduced sensitivity (95.8 vs. 98.1%). 45 Another modification involves the addition of a high heparin confirmatory step, in which reduction of the OD by !50% with addition of excess heparin (usually 100 U/mL) is considered to affirm the presence of heparin-dependent antibodies. 46 This method marginally improves specificity, but false-positive 
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results remain common and false-negatives may also occur, particularly at high OD values. 47, 48 It was recently observed that cell-activating and potentially pathogenic antibodies differ from nonpathogenic antibodies with respect to the epitopes to which they bind PF4/ heparin complexes. 49 A competitive ELISA that uses KKO, a HIT-like murine monoclonal anti-PF4/heparin IgG, has been developed to exploit this difference. Human cell-activating antibodies inhibit binding of KKO to immobilized PF4/heparin complexes, presumably by competing for the same or overlapping epitopes. Nonactivating human antibodies, in contrast, do not affect KKO binding. In samples from 58 patients with circulating anti-PF4/heparin antibodies, HIT-positive plasma demonstrated greater mean inhibition of KKO binding than HIT-negative plasma (78.9 vs. 26.0%, p < 0.0001). The competitive ELISA showed greater discrimination than the polyspecific or IgG-specific ELISA and may enable discrimination of cell-activating and potentially pathogenic antibodies from nonpathogenic antibodies using an ELISA platform. 50 An important limitation of the PF4/heparin ELISA is its turnaround time (TAT). Although the analytical TAT is approximately 2 hours, the assay is most cost-effective when multiple patient samples are accommodated in a single run. Many laboratories therefore batch samples and perform the assay no more than once or twice a week, leaving clinicians to make critical initial management decisions without the benefit of laboratory results.
Several rapid immunoassays, designed to accommodate single patient samples and yield results in minutes, have been developed. These include a lateral flow immunoassay using gold nanoparticles, 51 a particle gel immunoassay, 51-53 a latex particle-enhanced immunoturbidimetric assay, 54, 55 and a polyspecific and IgG-specific chemiluminescence assay. [55] [56] [57] Characteristics of these assays are summarized in ►Table 5. The principles on which they are based are reviewed elsewhere. 58 All have a TAT of 30 minutes or less and high sensitivity. The particle gel immunoassay appears to have a lower sensitivity (91-94%) than the PF4/heparin ELISA. 51, 53 A negative result may therefore not be sufficient to exclude HIT, particularly if the clinical probability is high. Studies in single reference laboratories suggest that the lateral flow immunoassay 51 and IgG-specific chemiluminescence assay 55 may have greater specificity than the IgG-specific PF4/heparin ELISA. Confirmation in other laboratories is required. The latex particle-enhanced immunoturbidimetric assay and chemiluminescence assays are instrument-based and must be performed on proprietary analyzers. A rapid particle immunofiltration assay is approved in the Unites States, but published data suggest that it has unacceptable diagnostic accuracy and experts do not recommend its use. 59 
Functional Assays
Functional assays are more specific than commercially available immunoassays because they detect only the subset of antibodies that have the capacity to induce platelet activation in a heparin-dependent manner. The prototypical functional assays are the 14 C-serotonin release assay (SRA) and the heparin-induced platelet activation assay (HIPA). In the SRA, various concentrations of heparin and heat-inactivated patient serum are added to washed donor platelets radiolabeled with 14 C. A positive test is signified by heparindependent release of 14 C-serotonin. 60 The HIPA is based on a similar principle but uses visual assessment of platelet aggregation as an endpoint. 61 The sensitivity and specificity of the SRA and HIPA are said to exceed 95%, although universally accepted reference standards against which to measure their performance do not exist. 6 Other washed platelet assays that use ATP release detected by lumiaggregometry, 62 platelet-derived microparticle generation detected by flow cytometry, 63 and proteolysis of FcγRIIa (the receptor through which HIT immune complexes activate platelets) detected by chemiluminescence 64 have been described but require independent validation.
Assays that use citrated platelet-rich plasma (PRP) rather than washed platelets include the platelet aggregation test (PAT) 65 ; a modification of the 14 C-SRA 66 ; and flow cytometrybased assays that use annexin V-binding, 67 serotonin release, 68 P-selectin expression, 69 or platelet microparticle formation 70 as a readout. Studies comparing the PAT with a washed platelet assay suggest that the former has lower sensitivity (33% to 81%) and may miss cases of true HIT. 65, 71, 72 For this reason, an international consensus panel recommends against use of the PAT. 15 Comparisons between washed platelet assays and other PRP-based tests are lacking.
A whole blood assay that uses impedance platelet aggregometry has also been described. This system demonstrated a sensitivity and specificity of 90.3 and 89.0%, respectively, in a multicenter Australian study. 73 The major disadvantage of washed platelet assays is that they are technically demanding. 74 Both the SRA and HIPA require fresh reactive donor platelets, the SRA requires radioisotope, and the HIPA relies on meticulous technique, and the use of a subjective visual endpoint. These reagents and methods are impracticable for most clinical laboratories and restrict the use of functional assays to a small number of reference laboratories. Even among such laboratories, test methodologies, result interpretation, and reporting are not well-standardized. 75 A novel functional assay that may overcome technical limitations inherent to washed platelet assays was recently described. The assay utilizes a chicken B-lymphocyte line transfected with the human FcγRIIa receptor coupled to a luciferase reporter. When appropriate concentrations of PF4, heparin, and dilute HIT plasma are added to the system, HIT immune complexes bind to the receptor and induce an intracellular signaling cascade, ultimately leading to luciferase activation and emission of light. 76 In a study of this assay in 58 patients with suspected HIT and circulating PF4/heparin antibodies, SRA-positive plasma induced significantly greater mean luciferase activity than SRA-negative plasma (3.14-fold basal vs. 0.96-fold basal, p < 0.0001). Using a positive SRA and an intermediate or high probability 4Ts score as the reference standard, the assay correctly classified more patients (51/58) than a commercially available polyspecific (45/58) or IgG-specific (42/58) ELISA. 50 It may be feasibly employable in a greater number of clinical laboratories than the SRA or HIPA because it replaces platelets with a cell-line that can be stored in a freezer and retrieved for use as needed and uses light emission, rather than radioactivity or platelet aggregation, as an endpoint for cellular activation. Prospective evaluation of this assay in a larger cohort of patients is awaited.
An Evidence-Based Bayesian Approach to Diagnosis
The diagnostic tools most widely available to clinicians are clinical assessment and the PF4/heparin ELISA. 77 An Fig. 1 Evidence-based Bayesian approach to the diagnosis of HIT. The figure depicts one approach to the evaluation of patients with suspected HIT. Clinical probability estimates for a low (0-3), intermediate (4) (5) , and high (6-8) probability 4T score, derived from a meta-analysis, 29 are shown. Patients with a low probability 4T score have a very low likelihood of HIT and do not require HIT laboratory testing. Testing with a sensitive immunoassay should be considered in patients with an intermediate or high probability score. If an ELISA is performed, the OD may be used to refine the estimated probability of HIT. Likelihood ratios for various OD strata are shown. These likelihood ratios were derived using a commercially available polyspecific ELISA (GTI PF4 Enhanced, Gen-Probe GTI Diagnostics, Waukesha, WI) in a single institution and may not apply to other assays or other laboratories. 44 The clinical probability (after conversion to clinical odds) may be multiplied by the likelihood ratio to estimate the posttest odds of HIT (which, in turn, may be converted to posttest probability). For simplicity, only probabilities (and not odds) are shown. Clinical suggestions for further evaluation and management based on the estimated probability of HIT are provided. This approach may be used as a guide, but it should not supersede clinical judgment. Clinical and Laboratory Diagnosis of HIT Cuker 111 evidence-based Bayesian approach that integrates the 4T score and the OD value determined by PF4/heparin ELISA testing may be used to estimate the posttest probability of HIT and guide clinical decision-making.
One such approach is depicted in ►Fig. 1. In this approach, the 4Ts score is used to estimate the clinical (pretest) probability of HIT. Patients with a low probability 4Ts score have a very low likelihood of HIT and do not require HIT laboratory testing.
Testing with a sensitive immunoassay should be considered in patients with an intermediate or high probability score. If an ELISA is performed, the OD may be used to refine the estimated probability of HIT. The clinical probability and likelihood ratio associated with a given OD value may be used to estimate the posttest probability of HIT. The estimated probability of HIT, in turn, may inform decisions about further clinical evaluation and management.
Conclusion
Rapid and accurate diagnosis of HIT is both challenging and of critical clinical importance. Clinical scoring systems such as the 4Ts and HEP score have high negative predictive value and permit an estimation of the clinical probability of HIT but have limited specificity and have not been directly compared with standard intuition-based clinical diagnosis. Similar to clinical scoring systems, immunoassays are highly sensitive, but they lack adequate specificity at manufacturer-recommended cutoffs to rule in HIT. Washed platelet functional assays are both sensitive and specific, but they are restricted to select reference laboratories due to meticulous technical requirements. The need for fresh and responsive donor platelets also restricts the use of these assays and remains a potential source of poor performance in inexperienced hands.
Evidence-based Bayesian approaches to diagnosis that integrate clinical assessment and immunoassay testing, the two most widely used diagnostic tools in current practice, facilitate estimation of the posttest probability of HIT, and may guide clinical decision making (►Fig. 1). Also in development are novel laboratory tests that are less technically demanding, more specific, do not rely on fresh responsive donor platelets and have shorter TATs than existing assays. These advancements are likely to presage more exacting diagnosis and management and better outcomes for patients with suspected HIT.
